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IMPACT Code Suite: /\I .
Integrated Map and Particle ACcelerator Tracking  crcccr ‘m
)

* IMPACT-Z: parallel PIC code (z-code)  |\MPACT has been used by researchers
« IMPACT-T: parallel PIC code (t-code) at more than 30 institutes and universities

« Envelope code, pre- and post-processors,... . T
« Key Features Europe/Asia United State ;

2
|

— Detailed RF accelerating and focusin&model, o B
beam line elements of Linacs and Rings /M

— Multiple 3D Poisson solvers o I
ESh

 Variety of boundary conditions:
transverse round/rectangular,

longitudinal open/periodic, ... |

» 3D shifted-integrated Green FUncCHOE

—_ Multi-charge states, multi-bunches |
— Machine error studies and steering

— Wakefields
- CSR./ISI.? | Tsinghua Univ. Pkt
— Gas Ionization Australian Synch.

USTC Triumf
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Particle-In-Cell Simulation with Split-Operator Methad>,

Setup and solve
Poisson equation for
space-charge fields.

Advance positions ACh g ” Advance positions
& momenta a half C grge eposition & momenta a half
step using H, on grid step using H,

A

v

(HField solution on

@Field interpolation at
particle positions

Advance momenta using

. . I._I,.SF?a.-C? charge . . .
Rapidly VaeT/lng s-dependence of extermatfietds 1s decoupted fronT stowly varying space charge fields

vy efficient particle advance:
— Do not take tiny steps to push millions - billions of particles

— Do take tiny steps to compute maps; then push particles w/ maps
_yQ_AWRPENEpE BERIEE p

Leads to v
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IMPACT-Z for Space-Charge Study In Ring»\|

Sfullx 6D sxmelectic trackingz

Drift — exact solution

Combined function bend — direct symplectic integrator
Quadrupole — direct symplectic integrator

RF cavity — thin lens kick

Nonlinear Multipoles — thin lens kick

Space-charge forces— lumped thin lens kick

4
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An Example: Symlectic Tracking through a Combined |

Frreeeer ‘m

Function Bend

H = H + H;

— — E
Hy = (1+P)¥r{1+5}' —P”—P"-l-hﬂl"rbﬂ—"

.I':'.f

Hy = Vix,y, p)

. '_ﬂv: ! .'r 7 _ J"I_ g_dpx_
Exact solution for H,  * = 5, (g VA +T=pe = p; bo

pf = p, COS (i) + (J{l +8)2 — p? — p? — by(p. +x]) sin (i)
P ’ P

f
}:f =y+ Pys + & arcsin p—l — arcsin IP—J‘—
bope  bo Ja+82—p? JA+8? = p?

b
f=r4 a+d)s + (1+9) arcsin i — arcsin _'D" —
bop. by Ja+82 - p2 Ja+or—p

Transfer map for one step: M (Z‘) = MZ(Z'/Z)Ml(T)MZ(T/ 2) +O(Z’3)

Ref: E. Forest, Beam Dynamics: A New Attitude and Framework, 1998. 5
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Different Boundary/Beam Conditions Need —_ |
Different Efficient Numerical Algorithms O(Nlog O ﬂd)

FFT based Green function method:

« Standard Green function: low aspect ratio beam

« Shifted Green function: separated particle and field domain

* Integrated Green function: large aspect ratio beam

« Non-uniform grid Green function: 2D radial non-uniform beam

Spectral-finite difference method:

Multigrid spectral-finite difference method:

J. Qiang, S. Paret, “Poisson solvers for self-consistent multiparticle simulations,”
|CFAVinI-Workstop o Beam-Beanm Effects imHadrom Cottiders, March18-22,2013: 6
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Green Function Solution of Poisson’ s Equation (1) ’\|
—(open boundary CONQILIONS) oo

H(r) = j G(r,r)o(r)dr ; r=(X v.2)
£(r) = héi G(ri- ri)r(r)

A
I

G(X,Y,z) =1/ \/(xz +Vy°+2°)

Direct summation of the convolution scales as N2 1111
N — total number of grid points

FFT based Hockney ’s Algorithm /zero padding:- scales as (2N)log(2N)

= Ref: Hockney and Easwood, Computer Simulation using Particles, McGraw-Hill Book Company, New York, 1985.

Fo(r) = h& G(ri= 1) re(r)
f(r)=Fe(r) fori = 1, N

This is NOT a spectral solver! 7
eessssessssssssss L AWRENCE BERKELEY NATIONAL LABORATORY B



Integrated Green Function Method (1) >

f(reeeer ‘m

fe(ri) = a Gz(n ri)re(ri)
Gi(r, ') =0Gs(r,r ) dr’ G.(x,y,2) =1//(¢ +y2 +22)

Integrated Green function standard Green function

Comparison between the 1G and SG
for a beam with aspect ratio of 30

0.002
niaraicd &resn fnglish —
- - 0.0015 }
Integrated Green’s function is
needed for modeling large xeott
aspect ratio beams! 0.0005
i ot
(O(N log N)) 00008 With integrated
-0.001 Green’s function 1
R. D. Ryne, ICFA Beam DynamicsMini
Workshop on Space Charge Simulation, -0.0015
Trinity College, Oxford, 2003

J. Qiang, S. Lidia, R. D. Ryne, and C. Limborg-Deprey, -0.00 ; L L L 1 L L
Phys. Rev. ST Accel. Beams, vol 9, 044204 (2006). 8'004 0.003 -0.002 -0.001 0 0.001 0.002 0.003 0.004

z 3
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3D Poisson Solver with Transverse Rectangular Pip ﬂ)\‘ \
(Spectral-Finite Difference Method)

afqb N qub . 324,5 B 0 52 qbfm{ } qu]( ] _,ﬂ'rm(E}
ox2 ' 3y? 322 e 372 Mm® O ==
with boundary conditions p im_5gim L glm m '
n+1 =%n L2 oadm -IG.I'F

¢(x=0,y,z) = 0, h2 f’.’m‘;‘bn - €0 ]
$(x=a,y,z) =0, ; ) !
Qﬂ’{l.‘h’:ﬁ‘i’.) = 0. q‘bm EXP( r’.’n‘ih ]‘i} .rJ'i1 n=0,
$(x,y=b,2) = 0, i1 =exp(—Vimho)$y', n=N.

¢(x,y.z=%00) =0, : : : :
Numerical Solutions vs. Analytical Solutions

-I"ﬂr Ill\llnr de-13 T T T T T
. . Im : o . Analytical saluticn
p(x,y,7)= Z Z P (z) sin(eyx) sin( By y), Numarical sollon -——-
[=1 m=1 Fe-1d [ ’H?.,‘iﬂﬁlﬁlrﬁﬁﬂ
e Te-Blymerical salution - -
Nom _‘_F-r“' - .
¢x.y.2) = Z Z ¢ (2) sin(ex) sin(Bpny), B I N
=1 m=1 sl /o ' o "o
where z ; '
4e-13 1 1
oM (z f f pl(x, v, 7)sin(ayx) sin(By v), s b N —
a b sear %
[ -
#m @) == [ [y, sin@n) sinny) A
Lt 002 Q04 Q.06 Q.08 [FR ]
Zl
J. Qiang, and R. Ryne, Comput.q?hys. Comm. 138, p. 18 (2001). Z (h'l) -
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3D Poisson Solver with Transverse Rectangular Pipe

rMMrerr

Spectral-Green Function Method and 3D Spectral Method)

aiqufm{:} ) lﬂ.’m{:}
a 7 _ :Vf;” ¢,!”!{E} — — ) s
Fin £0)

A
Ul

( m _1 1 m 1 1
" (2) = ——— [exp(—1, | 2-2])p" (2') 0z
2 1m&o
Green function method: o" (2) = > — Zp'm (Z'j)G(Z — ZJ)
- efficiently handle long bunch Ym€o |
z'+h/2
| G-2)= ey, |z-thdt

z'-h/2

#"(2)=>"4,"H,(2); P"(2) =D p,"H,(2)
spectral method: n n
-reduce numerical noise <
with filtering in frequency

Hermite polynomial Hn: an(Z)Hm(z)dz =2" n!\/;5mn
domain -

1 . 1 N . )
\ 2 ;—2_(5(2n+1)+7/lfn)¢rl1 +(N+2)(n+Dg), = A’p;

10
J. Qiang, in progress (2014).
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3D Poisson Solver with Transverse Rectangular Pipe m :

(Green Function Method)

Clr. o' . 1 1 . muT max . nmy nwy’ —Kmn|z—2

(. 2"y, 9y, z,2) = - sin sin sin sin e ._

2mwab Komn a a ] b

m=1 n=1 o
G = Rz-2y—vy,z—2)-Rlz—2y+9y,z—-2"
—Rz+2y—y,z—2)+Rlz+2" y+y,z—7),
i | mmu nmwv
a i — 1
R(u,v,w) = E E COS COs g fmn Wl
ETa —t et foom b

@i/ (hzhyh,) =
Fm{{—"T"”Jrﬁ'a:.j,k){}:f”f?u:k]} - }:bﬁ{[}:fff.lﬂi,j}k](}:fbff?ii.j.k}}
_Ffbb{{y‘r”ﬂf:j.k](}:b”f?-i.j.k}} "‘F”b{[:—'rf”Pi,;r:k}(thfﬂi.j.k)}

l Zk+1 ) B o
9: =75 dz' [pe(h. — (2 = 2)) + pryr (2 — z)] e ol
2 /.,
— MmTU N
] mw .
w, v, w) = cos cos (w).
Rini( QTab mz_:l ; Kmn a b g:(w)

1 . i . . .
g-(w) = R [thumﬂéw,n + (c'_”‘““lu'_h-'l — Qe FmnlWl 4 o™ Fmnll h’-") ] i

mn

Pro: computational domain needs to contain only the beam itself

Con: more numerical operations for Green function evaluation. 1
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S1S-18 Benchmark /\| A

PARAMETERS for setps 1-6

Lattice SIS18
Strength of the sextupole (when used) K= 0.2m"~

Maximum tuneshift AQ,=0.1

Hortzontal transverse size (nms) Xem = 5 mm

Vertical  transverse size (rms) Yms =3 mm

Longitudinal size (nms) Zoms = 4035 m

Horzontal emittance (2 o) g, = 12.57 mm mrad

Vertical emittance (2 g) g, = 930 mm mrad

Tums for 1 synchrotron oscillation Nyymen =15000

Bunch length (4 o) T = 3472.7ns

Kinetik energy E, =11.4MeV/u

Gamma transition =5

momentum spread at 3o, App=25x 10"
http://web-docs.gsi.de/~giuliano/ 19
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Benchmark Step 1: Single Particle Phase Space /\| 0

Qx = 4.338, Qy = 3.2

T | ——
E It ; T
S IO N
(— e ) AN
~, 5
' ¥ 2
0 e 0
h j .,
Ir -4
-5
2 5
[ MICROMAP )
.10 L SIMPSONS | IMPACT
n L l AL Ll 1 Ll Ll l O B J LA L L l - L L , . . \ , | .
2 e W | 0 s 25 0 25 50 % 50 " —in(mm) 0 2 o 5

x [mm]

All three codes show very close phase space topology.
13
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PARAMETERS for setps 7-8

Lattice SIS18
Strength of the sexupole (when used) K;=0.2m™

Maximum tuneshift AQ,= 0.1

Horizontal transverse size (rms) X = 5 mm

Vertical transverse size (rms) Yms =35 mm
Longitudinal size (rnms) Loms = 269 m
Horizontal emittance (2 o) g, = 12.57 mm mrad
Vertical emittance (2 0) &, = 9.30 mm mrad
T'ums for | synchrotron oscillaion Nyyen =1000

Bunch length (4 ©,) t = 231.51ns
Kinetik energy E; =11.4 MeV/u
Gamma transition Y: =35

momentum spread at 30, App=25x10"

Parameters for step 9:

- Qx =4.3604, Qy = 3.2

- RF cavity voltage: 152 V

- RF frequency: 0.214456 MHz
- X aperture : 40 cm

- Y aperture: 30 cm

14
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Generate Initial Matched Beam Distribution ~ .
(Normal Form Transformation) rm "m

For a given particle phase space coordinate: &= (X, p,, Y, P, Z, p,)’

after one turn through the ring ™ =ME"  where M is the one-turn transfer matrix

{{.1'x} Xpry X0 {\xp:.i (xzy  xpo

. (%) (pepe) (P (pepy) (B2 (Dups)
Define a second order moments ? el AF "“‘Iﬂ 7) (P Fup
matrix of the distribution: ol em e o m) 02 Op
(B3} (porz) () (Boms) (B2) (Pop:)

) zpo (@ () @ ()

l'-._ (P=X)  APPe) AP ':IF.F*»} o Y 5 A I

after one turn: S _NVE'"MT
For an envelope matched beam: 3" = MD"M'
L et: M = ANA * where N is the normal form matrix

(AZ"AT)=N(AZ"AT)NT
For the given emittances in the phase space coordinate, one can find the corresponding
emittances in the normal coordinates to generate a matched beam distribution.
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Evolution of RMS Beam Sizes with the Initial Matched Distribution
(no space-charge)

A
|||‘

20
X Emm e
Y (mm) ——
phase (degree
iy e e b= opealfumigmeprarplryipi P
— 15 F 4
SR ——
=
()
N 10} 4
-
0
0
&
M5 .
O [ [ [ [
0 500 1000 1500 2000 2500
turn
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Numerical Test of Convergence: Evolution of RMS Beam Emittaaces Ql)
with space-charge Ll
SRy
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Numerical Test of Convergence: Evolution of RMS Beam Emittaﬂc{‘% QI)
with space-charge cecceee] i
(T Space charge)

(mm-mrad)

Longitudinal

rms emittance

(mm—-mrad)

0 1000 2000 3000 4000 5000 0.3k
turn

rms emittance

0 1000 2000 3000 4000 5000
turn
18

mssssssssssssssssss L AWRENCE BERKELEY NATIONAL LABORATORY I



Evolution of RMS Beam Emittances: Different Beam Intensit@
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Evolution of RMS Bunch Length: Different Beam Intensity /\| ‘.’.\.

BERKELEY LAB
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An Application Example: PS Montague Resonace ’\| A

BERKELEY LAB

Physical parameters:

RF frequency = 3.5 MHz
RF voltage = 27 kV

Ek =1.4 GeV

Emit_x =7.5 mm-mrad
Emit_y = 2.5 mm-mrad
Rms bunch length = 45 ns
Rms dp/p=1.7 x 103

Horizontal tune: 6.15 — 6.245
Vertical tune: 6.21
Synchrotron period: 1.5 ms
Half Aperture = 7cm x 3.5¢cm
| = 1.0x10%2

Refs: B. W. Montague, CERN-Report No. 68-38, CERN, 1968.
E. Metral et al., Proc. of EPAC 2004, p. 1894.
I. Hofmann et al., Proc. of EPAC 2004, p. 1960. 21
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Evolution of Transverse RMS Emittances: Different Tunes rrrreer ‘-’ﬁ

measurements
40
#Emit_H(nom, 2 o) [um]
By m Emit ' (nom, 2 &) [um]—
30 ' + ,
+ L]
25 -
20 ¢ |
[ |
15 . 5
10X | | .-
5 1 1 I I
6.15 6.17 6.19 6.21 6.23 6.2
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rms emlittance

(mm-mrad)
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BERKELEY LAB

Simulation
X (6.15,6.21) —
Y (6.15,6.21
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Y (6.20,6.21) —

.

ﬂml)
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Thank You for Your Attention!
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